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ABSTRACT

All apl_roach to predMing turl)ine I:,lade heat trans-

fer when lurl,ulenl flow r(,lanlinarizes due to strong fa-

vorable pressure gradients is described, i{elaniiuariza-

tiori is more likely to occur oil the pressure side of a

rotor hlade. While stalors also have slrong favorable

pressure gradients, the pressllre surface is less likely to

beeoine iurl)uleni at low lo nioderaie lleynolds nuin-

hers. Accounthig for i]le effects of relaininarizat, ion for

blade heal lralisfer can substamially reduce' tile i_re -
dieted rotor Sllrfac0 heat Irausfer, "1his in tllrli Call

lead to reduced rotor cooling requh'enlents. ]we di-

inensiona] midspan Navier-Stokes aualyses wm'e done

for each of eight, een test cases using eleveli differeni

turbulelice lnodels. _estlltS showed lhat inchidhlg re-

larninarization effects generally hnproved the ag;i'eellient

with exI)erilnental data. The results of tilis work indi-

cate thai relatively sinall clianges in rotor sliape can lye

utilized to extend tile likelihood of relaminarizalion to

high Reynolds litlll/bers. Predictions showhig how rotor

blade heat trailsfer at a high [{eynohls lllllill)er call I)e

reduced through relanihiarization are giw'n.
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s Surface distance frOlll st agnation poinl

ST St,ari of transition

-r Total surface dist.ance
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INTRODUCTION

(;as turbine cycle efficiency is improved by increas-

illg rotor inlet temperature and compressor pressure ra-

tio. Higher pressure ratios result in higher coolant ten>

peratures. The higher coolant and higher inlet tern-
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Peralures make reducing, Mad,' heat transf_,r lnore sit_-

nificant. Designhlg hlades so that _he Pressure ._urface

I.>umlary layer is mostly laminar may significantly re-

dllcC I]1(' aw,raKc ]leal trans[).r for lilt elltire Ida&'. "lhc

pressllr+, sllrfac_, is lik,'ly to ]'n't't/llle l llrh/IJell| dlle t_ all

ad\_'rs(' pressul>, gt'adiem close t<_ the leading edg< If

thi.- is follow,'d by a str,,ug l'avtq'ald, + I,ressur_' gradi-

_'nt, th,' h<mnd;u'y layer is lil,:el+v It, relaminariz< ('al-

clllalioll:,, sh,)w thai acc,Hiiltilp£ fur [_reSsllr+, Slll'fal'c rc-

Imninarizalion redt.c<, ov,,rall hh,h, heal load I,y al,-

I,rt)xinlately 205_, if the turlmMlc_' level is low. H;v,v-

ever, wlwn lh,' pressure surface is laminar. Ill{' heat

lranst_,r h'vel is Sll't}ngly inttt_,-'n{'ed I,y the freest r_'anl

turl,uhmc,, l,,vel (Zhang and Ila,II]). (',ms,,quently, at

high fre,'str,'am lurbuhqlce lev 'ls the heal IrallSf_T I'_--

duetiou may h,, less. ]2) deternliue if relaminarization

can be utilized to redu(>' I,lade heat transfer, aeem'ate

h,'at transl;'r predictions al high Iurlmlence levels ar,'

need,.d.

i{elammarizalion is more likely to be a factor for

rolor heal tran.,,I;,r than for slalur heat transfer. Sill,''{,

the inlet relativ, total velocity is nearly twice thai of

the staler, lh,' iwak leading edg;e inviscid velocily is

also twice as large for tlw rot<yr. The mininnml inviscid

t,rcssllr,, sllrfao' '.vlocilies are about the same for sta-

tors and rotors, l{otors have more diffusion, and are.

lher<,for,,, reel''{, likely Io transition. Relanlinarizalion

O,_'CIlr:.4 ill ;t slrOllI2,., favorable [)l'eSsllre e..,la(o,-+ I'll 'Ill. .qtalors

are h'ss likely to velaminarize, sine'{" they are less likely

lo transilion close to Ill,' leading edge, If Ill,. Reynolds

number is sutticicnllv high. both stators am[ rolors are

likely- to trallsitioll cl+.:,>,eto the leading edge. but relam-

inal'ization is not likely to occur. Using relalninariza-

lion to reduce rotor pressure surface [teat t l'allsfer was

pr<,posed hy Brown and Martini2]. Nieholson et al.[3]

presented aerodynamic and heat transfer l'esults tBr two

rotor geometries. One was designed to relaminarize the

pressurv surface boundary layer. This blade shape had

lower heal transfer, and no decrease in aerodynanlie

efficiency.

H,'laminarization will only occur ill high favoraMe

pressure gradients. Favorable pressure gradients also

delay tile ouset of transition. Unless tile favorable

pressure gradients are proceeded by" an adverse pres-

sure gradiem, transilion ntay not occur, especially at

low to moderate Ileynolds numbers. ('aleulations for

a turbulent houudary layer give a laminar-like bound-

ary layer, when tile near wall damping coefficient is a

function of tile pressure gradient. Different fllnetional

fornls have been proposed for the pressure gradient el'-

feet on tile near wall damping coeflYeient, Cebeei and

Slnith[4] proposed one relat iouship, while Crawford and

l,a:s[al p,',,_,,,sed al,orhe,'. ++ra,,ford alld I{ays[:,J.a,,d
I,:ays and ('r{r+vford[6] l>ropos,,d lha_. th,. local near wail

dalnping not b,, a function of th,' local pressm'+, gradi-

,'lit. They pr<_)l)o:,ed lhal Ill,' coeflici,'m h, laga:'{,d t,_

accounl tbr the tinle required t,, adjust tit,' sul)layer
thickness t'{, Ill,' i,ressur'{' gradi,'nt chang'{'. Ill'{, two r,,t-

,'reu<'es gave difll,rent lag equati,ms. Xichols_m ,t al.[:{]

alld others maintain thai a lurtmh'nl I>,,umlary will re-

lalllillal'iZe whell Ill,{' acccleraliOll ]lar,:tllleler i'xc'eeds a

valueofal>proxitHalely3 ,+ 10-';. A signi/icanl cotnlm-

'+ational ditf'm',m_',, b_,l',v,+,,n a rdamillarized I.mn,hu'y

layer, and one whet',' tlw n+mr ",',all damping <'o,4fi<'ienl

is v,+ry large, is lhat lh,' relatuinariz'{,,I I,,mmlary la.y,'r

is lalninal +,while the other remains lurhulenl+ All mo<l-

eling wllich is a function of the imermittency would he

different between the two al,i)t'<mches.

ill summary, this work athh'ess,'s the t'ollowin_: ques-

titres: (1) Is a ',ariald+, near wall damping coettieienl

approl>riate, and if so, is Ill,' ('el,eel-Smith lnodel more

aplH'Ol_riale than the ('rawford and Kays rood, l: (2)

Should a lag equatioll I+'{' Iis'{+d to calculate either Ill,"

pressure gradient paranleter or the relanlinarizalion pa-

rallleter: (3) Should relanlilmrization he forc++d based

on the' pressure gradient, or shouhl il b, + allowed to

occur naturally through a varial)le llear ',',all daml>

ing coeificient: and (4) .qhouhl the model to accounl

for freestrealll turbulence eff,+cts l+e al;Idie, l fi)t' turf+u-

lent I)oundai'y layers iu tile lW,'seu('e O['stl'ol]g favoral)le

t)reSSlll'e gradients. Tiles'{ + questions arv addressed by

eomparisous with experinlental heal transfer data frolll

several sources, to deternlilt+' which asstJml_tJons h+ad to

the best agreelnent with data+ Also. discussed ill this

work are conll)arisons with data using a k-,.u iurbll-

lenee lnodel.

DESCRIPTION of ANALYSIS

F_elanlinarizatiou ('all ocettr because the near wall

damldng coetticient..4 +. becomes very large, or it ('all

be tbrced to occur based on tile hwal value of the pres-

sure gradient parallleter. ]_. In all of the results pre-

sented. A + was taken as a function of lhe pressure gra-

dient. P+. Two similar fornls of this relationship are

given hy ('eheci and Smith[4 l, and by ('rawfoM and

Ka_r_[:'] +

A + - (1)
1.0 + 6 P +

In the ('ebeci-Smith model b = 11.8. In the (:rawford

and l{ays model b = 30.2 for favorable pressure gradi-

ents, P+ < 0,0, and b = 26,1 otherwise.
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Figure I cotttparcs the two al)proach,_s lo calctl-

latiug A +. lu th,' favoral+le pressure gradient regiou.

where r+'laniinarization is likdy to occur, the ('rawfoi'd

aud l{ays luodel provides iil'_>i'e iloar wall danipiilg, hi

a negative' pressure ..gradi_'nt the ('rawford and l{ays

model gives a lui'tmlent hottndary layer that al+pears
iiiore laniiuai'-likp lhali tlw (+eboci-Sniith nlodel. If the

('eheci-Slnith model gives boll.e>r agjre_:>liielll wiih data.

h is possit+le that a conslaill vahlc for +-t-t" of 26 would

giv+, evel£ belier tlala a_l'+'elliPlll. If ih,' ('rawford aild

b;ays lnod+l is pr+'fi+rable, a coilstaiil vahlo for .4 + WOU]<t

ilol hnprove the agr+_enleiit with data+

('rawford aild ]'(ays[.')] also recollinlend that P+ l)e

replaced by at+ effective ]+r+,+SStlre gradient, l)L+q,,?. Tlio

value of [_+t:V is calculated ft'otn:

d PF+FF
tEVVd._+ -- ( '+ - P+)/('L._; (2)

The recommmlded value for (+L..X_; was 4000.

An alterualive approach to determining the lag in

the near wall danlping coefticieut is giwn by Kays and

(!rawford[6] as:

dA+FF + +

d.s+ -- (--tEF v -- ,tEQ )/( 'LA<;; (3)

Here .-tE+Q is the vahie of A + deterniined froni equatioli

1 using the equilibrium pressure gradielit. PC. The lag

constant,. (7"LAG. recol-nrnended vahle was again 4000.

If N is used as a criteria for relanlinarization, it can

also be lagged, so that:

d/(EFF
- --(t(EH= -- /()/CLAc; (4)

d.s+

For comparison purposes, the same value of 4000 was

used for CLac; when calculaiing a lagged value for 1"(.

Neglecting property variations, ds+/ds is giw, n by:

10.0 \

, "_ Steelant and Dick(1999)

:33 _- \
_'. "\ Constant u'

.c . \
"'.:', o o

c 1.0 "'_

-
- Dunham(1972 I

<_ Data of Zhang and Nan(1994)

,2, NO grid Tum--O.8%

_. _ Grid 1 Tuw=I"PI+
'7+Grid2 Turn=8%

0"10.1 ...... 110 .... 10.0

Ratioo1local-to-inlet isentropicvelociy,U/U,.

Fig.2Tuvariationwithvelocityvariation.

\Vhih_ d.s is ahvays positive, lhe right hand side could

t)¢'conle negative in all adverse pre, ssure gradient regiou.

V'(hc+n ds+/ds was negative, it was assumed thai the

eft'active vahie for the lagged parameter was the equi-

lil>riuni vahtc.

Mayle's[7] transition start criteria was used. where

the F[oyilolds Imlnber at tl)e star! of transiliol+ is given

by:

Nee-sT = 400Tu --'t7 ((J)

Mayle[7] recolnmended thai a lower limit of 3(7¢ should

be used for Tu wheu calculating ]gee-ST. However,

for the cases examined by" Boyle and Simon[S]. and for

cases examined for this work. better agreenient with

data was found when the local Tu was allowed to de-

crease below 3_.. The transition length lnodel used was

described by Boyle aiid Sililon[8]. It is a l]lodificat.ion

of tile niodel presented by Solomon el al.[9] to accotint

for Mach lltllllber effect, s,

The local turbulent intensity is needed both to de-

termiue the start of transition, and to account for in-

creased heal transfer due t,o freest ream turbulence. Fig-

ure 2 ilhlstrates approaches for determining tile local

freest, reain turbulerice intensity. Tu. as a function of

the local isentropic velocity. The correlation of Dun-

ham[l()] limits the freestrealu t,urbuhence inteiisity to

the upstream vahle when the local velocity is less than

the Ultstream vahle. Another approach, used Ly Boyle

and Simou[8], assumes that tile turtmlent fluctuations

art" COllStallt so thai:

ds + ,_+ s + d!+ _+ d_.)/2

-77.+= Z + 7-:-T2 + v .r d.+ (r,)

Tu = TUlNI'INI/" (7)

Steelant and Dick[l 1] recomniended that the local fur-

Iiulence intensity be calculated from:
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/, = Tu i.,,. (/Ix//.)at'_, (_)

DunhaJlls corr, qalion shows l]le smallosl variation in

Tu. while Ill,' corrclal i_>n of St,_elant and Dick shows tlw

hu'gest varialion. Tlw dala of Zhang aml llan[l] show

,good agreelllell| with th,' Nl,'elam and Dick correlation

for vel will's greater than the upstream velocity, Th,'

local fr_'estream velo<'ity. 1", was calculated from the

local pressure' ratio.

The transition nlodds we.re ilworporated into a

quasi-3d Navier-Siokes analysis. ( t{V(:Q3I) ). This code

has been documented hy ('hima[t2]. and by (1lima

and YoJ,:ola[13]. (:-type grids were generated using Ill,'

method of Aruone el al.[llJ. In this approach, Ihe

m,ar-wall grill is embedded wifhin a coarser grid oh-

tamed using lh(, method of Sorenson[15]. For this work

douse grids wer(, used. A (yl,i('al grid was 313 x 4.n with

19(5 points on the blade surface. Calculations were for

two dimensional flows, aml comparisons were made for

midsl:,an heat Irallsfi'r.

An algohraic turhuh,nt eddy viscosity was used for

most of lhe predictions. The one used is the model d,_-

scribe,I I,y ('hhna ,,IaI.[II_I. An algebraic n]odel was

used as a haseline for two reasons. Firsl. it has l>oen

shown by Ameri aml Aruon,'II7 ].and by ('hhna[18 ithat

algebraic models of this type predict turbine Made sur-

face ileal transfer as accurately as two equation models.

Second, t he modificat ions to algebraic nlodel to accounl

for variable near wall datnping, relaminarization, and

freestream turbulence effects Oll laminar heat transfer

are more straightforward, hl addition, heat transfer dis-

tributions were calculated using the k-,.' turbulence

model des<'rihed by Chin]a[I8].

Because freestream turbulence was high for the

cases exantim'd, the Smith and Kuethe[19] model was

used to account for the elafects of freestream turbulence

on lhe laminar flow. The augmented laminar viscosity

is:

YL-XM = y¢;._,S + (1 -- ";,)0.164p ._ Tu/' (9)

where ,/ is the normal distance fronl the blade, and

PGAS is tile molecular viscosity. This model is turned

off tbr turbulenl flow using the 1 - _ term. It was gen-

erally found that augmenting the turbulence viscosity

when the tlow was fully turbulent resulted in poorer

agreemen! with the experimental data. Data from Arts

'laMe I. l)ala cr,ml,aris<m_,.

_'OIIl'C_' Lat,el

%rt,, ,._ :,1 { %M'15

{I!OU) ] .%Sf_1ANI{2

A,'Is ,,T al. ARIRE5

(I!_H_! AI{IIEI
AI/HI(;

:\RRE2

(iiel ,.] al. i;lllE5

t 19!1!_) (',IHEI
(;M el al. (;:_I{E:,

(2O/llt) (;'LIbEl
Blair lll)l/1.51

1199.1) BDI{E6

BL)RE2

BOIl E4

Zhang and ZHt}EI

llan ( 19.91) ZIIIH'2
ZIIRE3

.:Ix 31._.

54Ialor

O ¢ 0.93

IY:' {I.!l:I

I):' (I.92

1{_ ,_r.

53 1. I

53" 1.1

5:f:' 1 1

:,:V' 1.I

6 1_ LI,gb

64 ° (l.!}s

dI ° 0.(i9

I;I ° H.G!-t

am' u.] I
5w' 0.J_!

:-_G' (I.14)

3G '_ (IAlli

:|5 c_ (1{12

a.5° U.05

35 _ !).07

R,., [T,qxlTk,./T_ %.:<102', _,,*

U.5!, t; l u.77,

1.15 _; u.72

"2.11 t; 0.73

0.51 1 0.71
l.Uri t {I.71
I_m _; 0.71

I.S4 -1 u.7:_;
(I.H 9 l.I)7

t.,', _ IJ_7
(i.51_ 9 1.117

(!.s,'., 9 1.(17

!L 12 ti 1.07

u,Su !; 1.07

!t.21 (; I.(17

(!.42 (_ 1(IT
(J.l(I t4 1.1)7

0.20 17 1.07

U.;I!] 17 1.(.)7

et al.[20] for a rotor at a Reynolds numl)er of one mil-

lion showed little increase, in heat transfer Oll the rear

of the pressure surface as tile lurl)ui_'nce intensi¿y ill-

creased. ('ah'ulalions done with tile Smith and Kuethe

model al>l>lied even when the flow was lurbuh-nt over-

predicted the effect of freeslrean] turbuleno' for this

case. Also, Blair[21] showed lhal t're_,sleam t urhulence

effects oil heat transfer are diminished for a turhulent

houudary layer when lhe lflOlllelltUlll thickness is small.

The pressure surface lnolnelltunl thickness is generally

sntall. Since the Smith and Kuethe model does not

account for turbulence scale effects, it is expected Io

only approximately accoullt for turbulence effects. The

effect of the Sn]it.h and Kuethe[19] n]odel on Ill,- pro-

transition heat transfi,r will h," discussed. The Tug"

product in tile model is cotlstalll for nlost of the result.s

presented. If Dunham's[lI)] correlation had been used,

the Tu(: product would be less than the upstream value

along the forward portiou of the pressure surface, where

the local velocity is less than the upstream velocity. If

the correlation of Steelant and Dick[11] were used. the

TM _ product is greater than the upstream value in this

region. Calculations using the Steelant and Dick vari-

at.ion showed leading edge region heat transfer nmch

greater than both the experimental dala aml calcula-

tions done assuming the Tul product to be collstallt..

The reason for the excessively high heat transfer is l.hat

lhe Smith and Kuethe[19] correlation was developed us-

ing the upst.ream rabies for Tu and (7. (:onsequently,

when the St.eelant and Dick correlation was used, il was

restricted to regions whew the local velocity was greater

than the upstrean] velocity. Where tile velocity was less

than t.he Ul)stream velocity, the assumption was made

N ASA/TM--2001-210978 4



I,abe./ Vat..1+

('I(LI'NTNI_
('SLPTANH
('SNI+TANR
('I(I.PTANI{
('KNH'ANI_
( 'K L ATA N l_

('KLPTAHNL

( 'K I.PTAI_ I.

('SLPTA R N L

('I(LPSI)HNE

lald_, II. l)escriplion of model as;uml)tion_.

La_ Tu A ll_. T. Exp/V:i_ IIclanmiarizalion

Vat. l¢claminari/ali,,ii l,a._
( 'K I _+ No

( 'S P+ h_,_

( 'S N, > 3-_,_,
( 'I( I '+ Yes

( 'K N,, Y._

( 'It P+ Yes

( '1( P _" Yes

( '% p+ y.,,

7ul" = ("

7ul" = ("

T,l" = ("

7,I ' ( "

T,t" = ("

7",I" = _ '

7u[ = ('

Tul" = ('

7.1 = ('

_o

,No

No

N,<)

V¢ ,_,

\ "i's

.No

that Tul was equal Io the upslreanl value. Along th('

suction surface, the product would I>(, gr('al(T than th('

upsl reall| value,

Data Comparisons

Tabh' ] gives seine characteristics of ihe exl)erimen-

ta] data used for conlparisoiis. The sial.or data of Arls

et a1.[22] is hicluded primarily for compal'iSOils of model-

big assumptioiis for freestreain l lirblilence effecls, l'h_'

rotor geOilletrv cases of Arts el a].[20] are for lesl cases

of four and six percent inlet lurtmlence. The other ro-

tor lest cases are at these ttu'bule)lce ]ewqs or higher.

Dring et a1.[23] gave the t.urbulonce intensily between

the staler and rolor of a large scale rotating turbilie.

Their llleasurenients showed a total uilst.eadiness of 6. l

and 7).1 percent of ihe inlet relative velocily for t.esls

with and without a turbulence grid installed in fronl

of the upstream stator. The lwo lest cases of (',tel

et a1.[24.25] were for tests ill a linear cascade with an

aspect ratio less tllall oIle. The nleasured flows were

highly three-diniensiona], and the data showed signifi-

cant suction surface spanwise hea! transfer variations.

Spanwise heat tralisfer variations on the pressure sur-

face were small. The data are inchlded because the

work is concerned with identifying an appropriate ap-

proach t,o predicting heat transfer in favorable pressure

gradients. Midspan heat transfer predictious using both

two and three din_ensional Navier-Stokes analysis will

be compared with data for these low aspect, ratio cases.

All rotor data, except, for those of Blair[26] at an inlet

relaliw> angle, diN, of 36 °, arc for design incidence. The

data of Zhang and Han[1] are for very high fl'eestream

turbulence levels.

Table I! summarizes the eleven models used to pre-

dict heat transfer. Models beginning with the label (:K

use the (:rawford and Kays(CK) model for ,4 + as a

function of pressure gradielll. Otherwise. the ('el>eci-

,<,iliilh lilode] is used. The ll('Xl tWO ]etlers refer Io lag-

mlllmO"i, lhe ll("ar wall danlpillg coefli('ielil. ]fihe lellers are

HI.. lherc is iio lagging, aiid if they are I.A, .1 + is lagged

exldicilly, l:or the leilers LP. il is tlic l)ressure gradi-

ent. [ _+. which is lagged, and A + is calculated froln

the lagged vahie of' tJ+. '[he nexl lwo [eliers donoles

whether ltle Sinitli and Kueihe augineritalion niodel is

used. Ollly olie niode[, ('KLPNTNI7, Olllits ilie aug-

liielll at ion. If the lellei's are ,_O. the modified Siee-

lain and l)ick[l 1] variaiion in lurbulence imensity is

tlsed both to augnien( {tie:, turt)ulence hi t/iv Smith and
Kueihe niodel, and (o deteriniiie lhe start of lransiliOli.

If the next ]etler iS .N. there is IIO explici( relamhlariza-

t, iOli, For (,lie fotlr niod+,is wiih explicit relanihiarizalion.

Ollly oue, (!I(LPTARL. has a lagged relanllnarizalion

parallleter, A. A signJficanl dilTol'ellce I)(qWeeli a case

with explicil relaminarization, and one where A + be-

comes very larg, is that the JllternlJtlency. _.. reverls

to zero for explicJ) relamJnarizaiion. Vfhh i, = 0, ille

Smith a)ld l(ueihe[l{)] augnieuialion model is used to

augment lhe turl)ulenl eddy viscosity.

Average sllrface values.

Tables [II and IV show the average niagnitude of

the difference between the prediction and data for each

of the model assunipi, ions. Results are shown for just

the pressure side(Table [II), alid for the entire blade.

(Table IV). The values shown in the t.ab]es were calcu-

lated by

NGXP

D = 100 E thc- hEXPI/riFxphExP
n=l

(10)

This estimat,e of the error is conservat ire because it does

not allow for any positional uncertainty, or elTective
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width of the nleasurei]lenls. In regions of high gradi-

ents t h{" actual error would ba less if the ineasureilient

locations were niovad withili their uncertainly limits.

For Table III. hExP is Ilia average experimental

heal transfer coefficient for just the pressure surface.

For lhe results in Table IV. this vahie is lhe average for
tile eutire blade. 'tile Jailers I' and O hi these tal-)les ili-

dicate wheitier the aw'raga predicted Ileal Iransfer was

aither lass,(['), or great ar.(O), than the experiinanlal

value. (buarally. the nlagnitude of the avarage differ-
elite was less thaii thai shown ill Tables III and IV. Only

if the niodel either underpredicted or overpredicted the

heat transfer at aver) ineasurenieni location would the

average difl'erence and tit(" value of D be the sallie. Two

overall averages are shown for each model. The one

preceedad by a IT or O is the aw, rage absolute difference,

D, of the eighteen cases. The loller is [T if more than
half the cases were underpredicted, and O if more than

half are overpredict.ed. The other one is ttle average

of all data points for all eighieeii cases, witholit taking

the at)solute value. A negative value nleans that tile

analysis underpredicied Ilia heat trallsfer.

('oml}aring resulis using the ('KLPNTNR model

wiih those using the CKLPTANIR model shows the ef-

fect of the Smith aud Kuethe turbulent augn]entatioil
model. Oil the pressure sida, not augmenting ttle eddy

viscosit.y resulted in an underprediction for all cases.

The averaga absolute difference was 40{7{. Tha average

NASA/TM--2001-210978 6



mldpprediction was nearly as large, 3W/_. Sew'u of the

t'ighteell pl'eSSllre surface cases were ovt'rpredicted using

the (:I,_LI'TANI_ m()del, and overall tilt' underl)redic-

lion wa_ 18()(. ('onsi_lering the enliI'C surface. T;llfle IV

shows that tile ('I([,PNTNI{ model gives au c,':erl)re-

diction for ozlly ow' of the eight,en cases. Again. the

al)solute difference is large, :_1_/, aml lhe umh_rpredi<'-

titre is nearly as great, :lit/{. Tile ('KI, PTANt¢ mt)cM

gi\'t_S all overprediction for six cases, a]Id tilt- ullderpre-

diction is lS_X. This shows [he desiral,ility of itMmlitlg

a mo_M for the effect of freest realll turbulence on eddy

viscosity, am[ tll_ _ reasollab]elleSs of tile IIIode[ chosell.

'[able 111 shows lhal the ('l'awford and I(ays model

with a lag for P+, ('KLI'TANI{, has an average al,so-

]utedifferetice of 27U¢. Without a lag for P+. CKNL-

TAN|{. the average al)solute difference increases to

3-1!/_, As [igur0 1 show>, the t'lr,'<'t o[" a lagging P+ is

smaller for the Cebeci-Slnith model. Both the ('SLP-

TANR and ('SNLTANR results show similar average

absohfle differences. For both the pressure surface.

and the ellt ire blade, tile ('KLPTANR alld (!SI, I:I'A NF/

models lla\o similar, but not identical, absolute differ-

ences. The CKI,P_IANR model is more sensitive to

] 2+ variatiOZl, aml ullcler[>retlicts the heat transfer to

a greater extent. Based ou the ('Onllmrisot_s between

the CSLPTANF{ and (:I(LPTAN[-{ nlodel resuhs, there

is litlle reason to believe that a coil.slant value for ,t +

wouhl not give satisfactory heat transfer predicti<ms.

However. since a value for A + as a ftmction of P+
EFF

agrees better witll data than .-1+ as a function of P+.

using a lton-collstatlt value for A + is appropriate.

A constallt A + is 11ol affected by whether P+ is

lagged or not. The CKLATANI{ model, where .4 + is

lagged, but the equilibrium value of .4 + is calculated

from tile local value of P+ has a greater at)solute differ-

ell,.'e lhan the (:KI, PTANR nlodel, indicating thai .4 +

should not be lagged directly.

The CKLPTARNL and ('KLPTAR L model results

show that forcing relaminarizatiol, explicitly improves

the agreement with data. (:omparing these nlodel re-

suits with the CKLPTANR results show that explicit

relaminarization improves the average agreement with

data, The hnproveinent in the average absolute differ-

ellce is nearly 1()¢_ for the pressure side, and over 3¢7_

for the total blade. The imt)rovement in the average

difference is greater, being nearly 17_, for the pressure

side, and 7¢/_ for the total blade. These results indicate

that explicit relaminarization is appropriate. With ex-

plicit relaminarization freestream t urbulellce increases

heat transfer whenever the boundary layer is not fillly

turbulent. Whether /x" or /(EFF should be used as a

criteria for relanlinarization is addressed subsequently.

The differences in predicted heat transfi'r betweeu

tilt" ('KLPTAFINL aml ('SLP'I'ARNL models ar, less

than Ill,' ditt'erem'es bt'tWeell the ('I,21,P_I'ANI{ aud

('SLPT:\NI{ models. :l'll," near wall damping nlodels

are eUllIloyed only when tile lhe flow is no_ laminar.

[:or the assulnl_th'm of relaminarizathm, there is lilt]e

evidence to im'l'er otw forln of uear wall danll,ing over

t II, ot her.

The modified Steelant and Dick model for the local

turlmlenc, intensity did not inll,'OVe heat trallsfer I)re -

t/ictiollS compared with the ('I(LPTAI{NI, mode/. The

model predicted the variatiou in turbulence intensity for

the data of Zhang and llan[l]. But, it resuhed in de-

creased auglllelllatioll ill the Slllit]l alld I(uethe m_,del

for the rear portion of tilt' pressure surfac+'.

It will l_e shown that whell tilt' k-_' nlodel raider-

predicted heat transfer, it was often due to not accollll[-

ins for frpesti'ean] lurbule]ice effects prior to transition.

\Vhell Ileal transfer \vas overpredicted, it was oftell due

Io 1ransition <,ccurriug sooner than was seeu in the data.

Blade surface Colnparisolls.

Nexl. heat transfl_r comparisons will be showu for

each of the eighteen cases to illustrate the local heat

transfer for the different mode[assulnptions. ];leven of

tile cases sllow the ('K[,PTARNL model results. For

clarity, each comparison with data shows results for

only a few lllO([e[ asslmlptions.

Slat.or vane conlparisons. Figure .3 shows COlnpar-

isons with the staler data of Arts el a1.[22]. The lowest

Reynolds number results show that augmenting laminar

viscosity to acco/lllt for freestreanl turbulence improves

the agreeznezlt with data, both ill tile leading edge re-

gion and all along the pressure surface. The k-_' model

shows too early transition on both pressure and suction

surfaces. [t a]so shows no augmentation oflaminar heat

transfer due t,o hig/l freestreanl turbulence.

At tile intertnediate Reynolds number both ('ray,--

ford and Kays near wall damping models agree well with

the data. The Cebeci-Smith model gives too high heat

transfl'r towards the rear of tile pressure surface. The

explicit relaminarization model. CKLPTAHNL, gives

lower heat transfer for the rear of the pressure surface,

indicating that a relaminarization criteria greater than

g × 10-': is appropriate. At the highest Reynolds num-

ber. the pressure surface heat transfer is significantly

underpredicted by the CKLPTAIRNL mode/, and even

more so t)3: the CKLPSD1RNL model. The data show

no evidence of relaminarization. Because of favorable

NASA/TM--2001-210978 7
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Fig. 4 Pressure gradient parameters for stator of Arts et a1.(1990)

t_ressui'e gradients, lhe im,ssure _urface was predicied
to I_e ill transit ional flow at this R-ynolds muiflwi', ew'u

wit houl explicitrelanlinarization. The _'-.._, model pre-

dicts pl'eSSlll'l" Sllrf_tce heat trall:-,f'el' will. But, tilt, suc-

lion surfacu ]war transfer is ove, rlm_dict,,d due Io early

transition.

Figure ,t shows that the h_cal h value exce_&'d
3 × ILl-'; for a Reynolds number of 0.59 >, 1()<. The

highest Reynolds llUnlber of 2.14 < 10' show a K dis-

l l'ihul ion similar in shape, but ()ill 3" apl,roxilnalely ()lie

fourth as great. For the high Reynolds nuntber case.

explicit rclaminarJzalion only moved the starl of tran-

sition somewhat further hack on the pressure surface,

since- /f was below the critical valtw for tile much of tile

surface distance. Figure 4 shows thai, O'¢IT niuch of the

vaue pressure surface, there ix little difference belw,,en

P+ and P+Fr.

Rotor blade conlparisons. Figure 5 compares mea-

sured and predicted heat transfer for the rotor of Arts

el al,[20]. At the lowest l{eynolds number the ('KLP-

"fAIINL model agrees well with the data for tile pres-

sure surface. Here, relaminarization based on K is ap-
propriate. '[able 111 gives absolute differences of I! 16
and O la for the ('KLPTANR and CKLPTAHNL mod-

els respectively. However, figure 5a shows good agree-

menl with the experimental pressure surface data. For

this case. t,he (:KLPTANR niodel underpredicted the

pressure surface data by' 3_7(. while the CKLPTARNL

model overpredicted the pressure surface data by 6V(.

Differences in tlw high gradient region near the lead-

ing edge accounted for the higher values in Table I11.

This illustrates the conservative nat, ure of the approach
taken t,o calculate the vahies in Tables III and IV.
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The CKLPTARNL and CKLPTARL results in Ta-

ble III shows that lagging Ix" has little effect on the

pressure surface prediction for the low Reynolds number

case. Both the k-_, and CKLPNTNR model typical]y

give leading edge Frossling lmlnbers near one. With

high ffeestream t.urbulence, data show Frossling num-

bers typically forty to fifty percent greater. Suction

surface transition occurs close t.o the trailing edge be-

cause of the favorable pressure gradients. The Smith

and Kuethe freestream turbulence model overpredicts

laminar region suction surface ]teat transfer.

Figure 5b shows good agreement wit h the pressure

surface data [br the CKLPTANR model. The relami-

narization model, CKLATARNL, shows a fiat pressure

surface heat transfer distribution, and underpredicts

2800

2400 _ :3 Data, Arts at al.(lgga)

I_ -- CSNLTANR
I_ .... CKNLTANR
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1600
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Fig. 5 Heat transfer comparisons for rotor of Arts et aL(1998).

the data for the last thirty percent of the surface dis-

tance. This implies that a higher value of I\cmT

would be appropriate for the relaminarization crite-

ria. On tit," suct, ion surface, the CKLPTARNL model

gives slightly higher/teat transfer than the CKLPTANR

model. Both,howew+r, overpredict the heal transfer for

nmch of t,he suction surface.

For the higher turbulence intensity comparisons in

figure 15c, the relaminarization model. (:KLPTARL,

predict.s the shape of the pressure surface ]teat. transfer,

but gives the heat transfer level is too high. hnprove-

ments in the laminar augmentation mode/ would im-

prove the agreement with data. This model also gives

good agreement with the suction surface heal transfer.
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\Viih,ml relammarization._h** ('_qwci-Smil h m'ar wall

_IaIHl>ing mod,.I show_, h('tier agreelll_mt _.vitlt lh- (laia.

The lii_ll+',_t l/eynolcl.., tttunlwr cOtuliat'i+(>us +tit,w

l liai lhe ( '1_ I. PTA 5 i/ and ,4'-.' niodel,-, giv+. good agre+,-

lllelil wilh data ['_>l+tlw ])l'eSstlre surface. Ou tit+ + .,.uciion

._tll'[':.lce b<ilh nl,,d_b. <,v<_rpredict the heat tral!sf_-r. [:,;lr

tilt, ('KI, t)TANft nio(le] llliS is dllC io _verin•!>dicliil_.

ilia, cl[eci of l•i•_'_'_,ll'_'_illi l/irbtlielicC prior to transition.

I:igUl'eS IDb and 15d _;llow thai tile ('KLATANt/ ino,lel

giv_'_, lioor agree, lllclil witli ])re,sure Stil'facc <]ala. This

c)Ccilrl-ed bccan_._' lhc v;illlc ()t" .t_1-1: wa,., lllUC]l gl'+'al_q'
titan lhc lc.'al wllui' c>f A + .

I"igilr.s 5 sit_avs llial llie analysis ow,rprt, Iicl._

freest l'ealii 1 lil•lml_,uce ell'_wls prior Io l ransil ion ttJl • lhc

sncl ion _.ilrt';.icl,, Tltis i,- a I"OliseqllellCt, of how l ii_ ' ,qniii Ii

and l(uet]lc[l!t] iiiodel was iini)lelnenle,_l. Th,' lurhu-

leill ,'<1<1_ vi>.,'<_il.x wa_ atigiuellled for a large lilllil-

I.,r of grhl line.. ,,xienilhig outward frolli the _/irfacc.

lt(,.vl< ;ln,I .qiinon[_] ilnpliquenled lhc _iuil h alid Kuethv

ill<_d+q ,li|t'_'l'_qltl._. and achieved belier agrceui_qil with

data• Tli_y ad<l,'d the augnieilialion oilly in the inner

rei4ion of the I.>undary layer• ttowew,r, lll_' inner re-

.RiOli was deierlliilicd from calclllaliOlW, t'_)r a iurlmh'nl

boundary layer. :\1,-o. the location, hi tel'ins of !1+, var-

b'd dellending Oll lh_" type of turtmience model tls_d.

lhb, indicates lilai ilw _niiih anti l,_tietil_, au(in_mia-

iiou ,'.hould Iw al>tdied only over a ralige of !/-t- rabies.

l;nforl unaleiy, l iic appropriate !I + value is liol klioWli•

)+ alongI:igur_' 6a sii<>ws tile variaiiou in P+ and [EI:F

the tda<l, siirl'acc fc>r the lowest and higtie_t P_ynoh:i_

UUllii_ers. :llt the highest Reynolds nili-iiber, there is

little ditf_q'eiice I,_iween lhe lagged ai]d local vahies of

[j+. Ai lil_" iow,'sl Fieynoids nmnbers tile diff_:'rences

ill",' lllOr_, , noticeal_l_, and are caused hy tilt' higll vahie

of/J+ lioar slagnalion. At tile lowesi Reynolds nunll)er

lhe lllaXilllUlll vahli _ of _+ Oll the pressure side is only

al)oul tell time,-, the \alue of ('LA(,. .41 lilt' highest

t/eyiioid_ llilUlber, the lnaxilillliii value for ._+ is over

thirly limes tile vahle of ('LAG.

('oinliaring fia;ures 6a and /it) shows thai the ratio

o[" t,he niaxhnuin-lo-average value of It is lnuch grealor

thau the sallle ratio for P+. For clarity, the ratio of

./( to the value used to set relanliuarization, 3 × 10-';.

is shown, aud negalive [\ values were omit, led. In lilt >

relanliuarization model, when the ralio exceeds one. re-

lanlinarizalion occurs. Tills illustrates wily lagging A"

1o determine /\EFF is llOl appropriate. |n the stagna-

lieu region the freestreain velocity approaches zero, and

the local vahle of K t>econies very large• At the lower

0.06 _ _ P+ - Re--0.54X10 s

i .... p+ _ Re=1.84X10 s

----- p'_,_. Re=0.54X10 _
P*_ - Re=-1.84X10 e

0.04 i

l' I

• //" 4

;--..--_..,,:..]

-0.04 i

Pre$$ul_ surtace

i._ r

Suction surface

|
-0'-2"1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Surface distance, I#C,

a) Pressure gradient parameters,

1000.00

Pressure surface !I1/1%%,% -- K - Rei0•S4X10'

_o 100.00 _ .... K- Re:l.84X10 _

xo % ----- Kl_ - Re_l).54X10*

_._ Kl_ - Re=1.84X10 _

%,%,%, SUrfil¢®

i "7

, _" ,_y !
o.ol g "; ;,

-1,5 -1.0 -0.5 0,0 0,5 1.0 1 .S 2.0

Surf$ce distance, li'C,

b) A0celenltl0n par$meter$.

Fig. 6 Prlilllurll flrlldlent par$meter$ for rotor of Arll$ lit 111.(1997).

t/eynolds number, tile liigh A vahie near the stagnation

poinl causes A'EFF to exceed It all along the blade pros-

sure surface. The is because the lag coefficient. ('La(;.

is about t,eu percent of the lrailing edge ,s+ vahie. At

lhe higher Reynolds uumber lily local ,s+ value is nearly

four times greater, and KEFF approaches K.

The suction surface results in figure 6 illustrate

that, if a lag equation is impleniented, it shouht be cal-

culated from a slightly snioothed parallleler value. "_Coo

lntich smoothing will introduce additional lagging, hi

Navier-Slokes, as opposed i,o boundary layer, calcula-

tions large streamwise steps are used. For a hundred

surface points ilie distance between grid lines..Xs + is

on llle order of ten percent of the lag COliSl,alll. This can

iutroduce instat)i|it,ies in calculatiug tile lagged value if

the local value is oscillating.

NASAPrM--2001-210978 10
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500t
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Surface distance, s/C,

a) Case GIRE5 - Re2=O.gXl0 s

4000 r

i Pressure surface _ Suction surface

_: , _ ._ _3000 \ '_ _¢., _ _ ,__i_

Nu

2000

1_ I ^1000 \'_._ "J _ 30 - CSNLNTNR
.... 30 - CSNLTANR
----- 2D - CSNLNTNR

500 i ----- 2D- CSNLTANR

F
0 . ' _ . _h i h i . L .
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Surface distance, s/C_

b) Case GIREI - Ra=ml.SXI0 s

Fig. 7 - Comparison of 2D and 3D midspan preo_ions.

Both t,wo-dinlensional(2D) and tiiree-

dilnensional(3D) flow analyses were done for the low

aspeci ratio test cases of Giel et a1.[24,25]. Figure T

compares midspaii heal transfer from the two Navier-

Stokes analyses. The 3D analysis was done with and

without augmentation for freestream turbulence. The

turbulent eddy viscosity was calculated using the nlodel

of Chima et al.[16], The 3D analysis was described by

Chima and Yokota[13] and Chmm[27]. The 3D predic-

tions wMl augmentation for freestream turbulence were
for tho ('SNLTANR turbulence model. CaleuMt, iotis

done witliout freestream tlirbuJence augmelitation are

labeled CSNLNTNR. The experiniental data of Giel el

a1.[24] showed large spanwise suction surface heat trans-
fer variations, and these variations were also seen in the

250O

D Data of Gial at a1.(1999).
CKNLTANR

.... CKLPTANR

2000 i/_ ----- CKLPTARNL

_ _,_T CLC

_, L X © o ,_'_:c_c

Pressure surface Suction surface

01.5' -;.0 ' -0.5 010 0:5 ' 1._0- 1.5 2.0

Surface distance, fJC,

a) Casa GIRE5 - Re==0.gx10 _

4000 ,

L Pressure surface Suction surface

asoo _:s, -o c,Z £,_' '_
aooo %,._ s, :_ ":_- o

2500

NU _ '_:. •

2000 "_, C_ _ .

x _ ,: _,_.% ,

'"- "'-.. "I /
1000 ""._'" _ / _ ,'

_' _',y 0 Data of Giel _1 ai.(lgg9).

_••] _ CSLPTANR

500 .... CKLPNTNR
-- --- k - omega

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Surface distance, s/C_

b) Case GIREI - Rel=l.SX10'

Fig, 8 Two dimensional heat transfer predictions and data.

2,5

2.5

3D predictions. However, at midspan the only signif-
icant difference between the 2D and aD suction sur-

face heat transfer predictions is that the 3D prediction
shows an earlier transition location. The difference be-

tween the 2D and aD pressure surface heat transfer pre-

dictions was unexpected. Data and the 3D prediction

showed lilt, le spanwise variation. However, beyond the

leading edge region the 2D predictions are lower than

the aD prediction. For the pressure surface as a whole.

the 2D predictions are 1,5t7¢ lower than the 3D predic-

tions. Accounting for three dimensional effects would

increase the predicted heat transfer for these two cases.
The CSNLTANt{ model would change from 1.: 36 and U

4.5 t,o 17 21 and [" 29 using the 3D midspan predictions.

NASA/TM--2001-210978 11
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--K

.... p"

)1
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i

i ! Case GIRE5 - R%=O.9XI0'
zl
ii

g0 015' 1'.0 1'.5 210

Surface distance, s/C,

i-°'1°-,.5' -;.o ' -o.5 _is

Fig. 9 Pressure gradient parameters for rotor of Giel It a1.(1999)+

l"igur(' _<_how.. :Zl) heat trausf,q' COml)arisous for the

rot(>r t('st,'d I>y (;b'l e) al.['q]. Fur th,, lower Iieynolds

)luilfl)er c(,ml)arison only th(" ('I,_LP'I'AR.NL model al)-

I)roach('s liw l>r,,ssur( ' surface h,,al transf('r. In the

('KI+I'TANII model relaminarJzation (h,es not occur.

]3('('aus(' of :-<tl'otl_ favorable l)ressur( , gradi(,ms, .t + re-

mains very }arg(,, and the l)r+,ssur_ , >,urface heal transfer

rumains I,,w. lu the ('NLPTAI_NI, mo&'l relaminar-

izati(m ()corn's. \Vith relaminarization the Smith and

Ku('th(' model is activated The suction surface is un-

<]('rl>redictvd, but as figtlre 7a shows, the Cebeci-,Smit, h

models are clo>,,r to the dat a. The not iceal>le difference.-,

l>etw,,en the CI'_LPTANR and ('KNLTANI/ model re-

sults are due to lagging Ill<' pressure gradient. Th('

(+KLPNTNR model resuhs it) tigur,+' tq> show that ne-

glectittg ft'eestream turbulet)ce ('Sleets giv('s heat traus-

f_'r much lower than the data. Figure 81+ shows thai tlw

('++";LI>TANI_ mod(,l resulls are closer to th( + pressure

surfac(' data tim)) are tile CI(LPTANR model results

The ('S L eTA N t{ model predicts lower pressure surface
.I + values.

Figure 9 shows the acceleration and pressure gradi-

,'hi parameters for the low }leynolds number, (;I1REo.

case. The acceleration parameter, 1(. exceeds 3 × 10 -'5

on t, he pressure surface. But, t,he data in figure 8a does

not show a fiat pressure surface heat transfer distri-

bmion, characteristic of relaminarized flow. This again

ira[ lies a r('lanmiarization criteria greater than 3× 10 -'_+

Over much of the pressure surface P+FF is only about

half of tile value of the local pressure gradient. P+.

Fig),res 10-12 show comparisons with data for tests

done in lhe same facility as for comparisons shown in

figures 7-9, but for a dilferent rotor geometry. The

Reynolds mnnbers were also different. The comparison

of 2D and 3D midspan heat transfer shown in figure

2500 r

2000

r

T
1500 I

NU

1000

see

C, Data of GIsl et aL(2000).

-- 3D - CSNLNTNR

.... 3D - CSNLTANR
sa

----- 2D - CSNLNTNR

-- --- 2D - CSNLTANR

11

D

Pressure surface Suction surface

-1 +5 -1.0 - .5 0.0 0.5 1.0 1 5 2 0

Sur/acs distance, s/C,

a) Case G2RE5 - Re,=0.50X10 +

3000 _, Data of Giel at al.(2000).

i 'i -- +-cs+.+.
Pressure surface _. --- - 3D - CSNLTANR

,__ --- _o-cs.,.m.
2500 1i_ ----- 2D - CSNLTANR

2000 !l I '_+', Suction surface

_soo _ 4'4 + "_.J'#'_¢_

500 _ .-..:,L._2D

=is

-1.5 -1.0 --0,5 0.0 015 110 115 2.0

Surface distance, s/C,

b) Case G2RE1 - Ro_:0.88X10 _

Fig. 10 Comparison of 2D and 3D midspan heat transfer.

10 is similar to that shown it) figure 7. On the suction

surface the model without augmentation. (:SN LNTNR.

shows an earlier transit,ion start for 3D flow than it does

lbr 2D flow. The results in Table III tbr the CSNLTAN1R

model would change from U 20 and 1" 25 t,o 0 20 and

l' 19 if the 2D predictions were replaced by the aD

predict, ions. The change in sign from 1 20 to O 20 is

misleading. The average pressure surface heat transfer

goes froln a 10(7_ underprediction to a 6V(, overpredic-

)ion. These two cases also have 2D pressure surface

15(_ lower than tile aD l>rediclions for t,he same turbu-

lence model. Fourteell of the eigllteezI lest canes were

for blades with a greater asl)ect ratio. The differences

between 2D and aD predictions would be less than for

lhese two cases.
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a) Case G2RE5 - Re2---O.50Xl06

3500 [ J
3000 _ _ OData of Giel et al,12000).

Pressure surface II .... CSLPTANR

2500 ----- k-omega

2000
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1500 _.'_.

1000 I "'_'" "_"

soo
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-1,5

2.0

i ,'-1.o _;.5 o.o ols ,.o ,.s 2.0
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b) Case G2RE1 - Re==0.88X10 e

Fig, 11 Comparison of heat transfer model predictions with data,

Accounting for 3D predictions for t.he four cases of

Giel et. a1.[24,23] would change !.he overall pressure side

CSNL'I'ANR model averages from 1,! 27t_ and -1.5t7_ to
IY 24t_ and -12_.. Additional calculations for these four

cases using relaminarization models showed differences

between 2D and 3D midspan heat transfer about half

that for the non-relaminarizing models.

Figure l la shows lhat the ('KLATANR model.

which lags A + directly, underpredicts the pressure sur-

face heat transfer. This is consistent with the con>

parisons shown in figure .51). Tahle III shows that the

Crawford and Keys nlodel attd the (?abaci-Smith model

go from underpredicting the heat transfer to overpre-

dict ing it, when a lag e'quation is used for P+ for this

test case. The (:KLPTANR model is ill reasonable

0.20

0.15
"o

x

0.10

"_ 0.05
"o.

== 0,00

-0.05
#.

Suction surfacePressure surface

K :I
i i
i i
+ i i
i i i
i i i

* • i i i
P • i i i

i, i i i
"_ i i i

, .i o .:

-1.0 -0.5

--K

.... p+

K=3X10 _

i

Re==0.50X106

"°'15.5 0.0 015 ' 1;0 ' 115 210
Surface distance, s/C=

Fig. 12 Pressure gradient parameters for rotor G2RE5.

aKreement ,,','it h the stagna!ion region heal 1ransli.r, but

sigtfifican(ly overpre,:ticts the suction surface heat trans-

t;'r I>rior to transition. The CSIA'TARNL me(tel results

are similar to those for the ('K[,PTARL model. With

no retaminarization lag. heat transfer is underlm,dicled

on !he forward part of the l)ressure surface.

l:or the higher HeynoMs nuud+er case shown in fig-

ure 111,, the ,('-_ and (%LPTANR models agree well

with !he pressure surface data+ The ],' - +' an(I ('KLP-

TAXI{ ulo(h.l results are very close over most of the

suctiOlt surface, and the flow is predicted to I,e turlm-

lenl. Th+. [)eat transDr overpredictiol) after tra)lsilion is

not du(' ! o everest.treating freestream turbulence elfects.

It is I)ossibly title to three-dimensional effects.

f'igur_ + 12 shows large variations in pressure sur-

face pressure gradient and acceleration parameters at

th, + lower Reynolds lltllllt_er of 0.+50 × l(I +;. The pressure

surface flow accelerates, decelerates, and then reacce/-

Prates. This accoutllS for tile large difference between

P+ and Pt.+I.-F , even close t.o the trailing e(lg<

Figures 13a and [3b show comparisons with the

data of Blair[26] for design incidence. For theses case

lagging P+ shows little effect.. The CKNLTANR rnodel

agrees well with the data ill figure 13a. and the ('KLP-

TANt{ model agrees reasonably well with the data in

fig!re' 131>. Figure 13b shows almost the same heat

transfer rates when I_ is lagged and whe]l it is not.

'File _,'--_ lllOde] clops llOt agree well with the pressllre

surface data. but does agree well for the suction surface.

Figures 13c and lad show lhat off-design inci-

dence cases have poorer agreement than design inci-

dence cases. There is good agreement with the suction

surface data. The relaminarizing models agree well wit h

data for the aft. half of the pressure surface, but all mod-

els tn_derf_redict heat transfer for the forward portion.

NASA/TM--2001-210978 13
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b) Case BDRE0 - Re2,,O.56X10 _

The pressure gradient parameters in figure 14 are

for a He vrtolds tllllllt)er lower t.hall h| tile previous cases.

The design incidence curves ill figure 14a and those ill

figure 12 have similar shapes. P+ and P+ differ sub-
EFF

stantially, evell llear tile pressu,'e surface trailing edge.

At oflLdesign incidence the flows accelerate, decelerate,

and finally accelerate along the l>ressur: surface. The

effective pressure gradient, P+FF' on the I>ressure sur-

face is so dependent on what hapl_ellS near the leading

edge, that it is positive and off the scale in figure 14b.

This behavior, resulting from the low Reynolds num-

[ler. and tile associated low s + values, makes any use

of a lag equation prohlematic.

l-'igure 15 shows comparisons with the data for the

three low Reynolds number cases of Zhang and Han[1]

The cases have high inlet turhulence. For tile lowest

1200

1000

Nu 2'

600

'00i
I

200 !-

Pressure sur_ce

0
-1.50 -1.00 -0.50 0.00

::DataofBlair(1994)

_CKLPTANR

.... CSLPTANR

----- CSLPTARNL

Suction surface

0.50 1.00 1.50 2.00

1600

Surface distance, s/C,

c) Case BORE2 - R%=0.23X10 s

A ", Data of Blair(1994)

1200 C I_J -- CKLPNTNR

Ijl .... CKLPTARNL
_L

A_ --- cK,PTAR,
Nu

4OO _'_[2k _ _ ":"

Pressure surface • Suction surface

0 ' .... ; ,
-1.50 -1:00 -0150 0.(X) 0.,50 1.00 1._)0

Sul'hce diets'nee, s/C,

d) Case BORE4 - Ra=_O.42X106

Fig. 13 Heat transfer comparisons for data of Blair(1994).

• 2.o0

Re,vnohls number hoth the CKLPTARNL and CKLPS-

DRNL models agree well with the pressure surface

data. 13ecause tile Tu[" product is lower with the .qtee-

lant and Dick freeslrealn turbulence intensity nlodel,

the ('KLPSDRNL niode] results are lower t,hall those

with the CKLPTARNL model. The ('KLPSDRNL

model predicts suction surface heat transfer better. The

('KLPNTNR model results show that, not account-

ing for freestream turbulence severely underpredicts the

surface heat transfer.

Figure 15b shows data comparisons with data for

three C,ebeci-Smith near wall damping models. Only

the CSLPTARNL relaminarization model shows the

same shape of pressure surface heat transfer as the data.
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Fig. 14 Pressure gradient parameters for rotor of Btair(1994) at Re--0,42X10 _

2.0

2:0

The non-relaminarizing models have very" low pressure

surface ]teat transfer after the leading edge. The ap-

parent transit ion seen in the suction surface data is not

seen in the predictions.

Figure 15c. for the highesl Reynolds ntlnlber, again

shows thai a relaminarization model })esl predicts the

shape of the pressure surface heat transfer distribution.

Without refaminarization, and. therefore, without aug-

mentation due to freestream turbulence afl,er transition,

the heat transfer is tow due to strong near wall damp-

ing at this still relatively low 1Reynolds number. On the

pressure surface, the k- _' model shows very low heat,

transfer just, after the leading edge region. This mode[

also underpredicts the leading edge region heat trans-

fer. All three model predict, similar suction surface heat

transfer away from the leading edge region.
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Fig. 16 Pressure gradient parameters for rotor of Zhang and Han(1994).

|:igur+ + 16 shows the ;i('cclc, rat ion parallletors for the
t'oior of Zllang aud Ilalt[l] at the lowest Reynohls Ittlllt-

her. ThP values of K arc wry larg+,. Even if divided by

thrcP to a,:'COUllt for the highPst Reyuold+ nunfl+er, re-

lanthlarizati(m is indicated. ()v++r nluch of the pr<>ssure
surfacP therP is litth" differt'nce hetwecn tile h>cal aitd

lagged l>rcssur+ , _radicnt values.

CONCLUSIONS and RECOMMENDATIONS

Based on the results tbr the entire blade a variable

nPar wall dantpiug coPfficitmt is apl>rol>riate. The ('raw-

fi>rd and I,;ays[51 dampin_ cocf[icient produces a lami-

nar like I>ouudary layer at a lower favorable pressure

gradient than does th,, ('Pipet'i-Smith damping coefli-

<'iPnt. The ('rawford and Kays tnodPl was niorelikely

t(> undPrpredict thP heat transfer. The results of t.his
work itMicaie that a constant vahie of A + = 26 wou](t

c_v+,rl+i'P(lict ill+, hPat trallsfPr h'velfor IIlaily ('aSPS.

Explicit relaminarization improved agreement with

data. particularly at low Reynolds nuntt)ers. The im-

I)rovement occurred becausP whPu rclamiuarization oc-

curred, the Smith and Kuethe[19] turbulence niodeI was

usPd to illcre;tsc eddy viscosity. The average heat trans-
fer increased when relanlinarization occurred. For dip

forward portion of the pressure surfac+-, predict ions with

a relaminarized model and data gave heat transfPr rates

excPPdiug hill) turbulmtt values for some cases.

The tag equal ion for P+ gave reasonable agreement

with data. A tag equatiou for either A + or K was sus-

ceptible to giving physically unrealist.ic restllts, due to
the ext renie variabilit.v of these quantities nPar the stag-

nation lloint.

NPglPcliug freestrPani lurliul,'nce <,fleets on lalui-
liar he;it trallSf+er always underllredicted the i>l'PSsllr+,

s|lrfat't, heat tl'allsf_q'. ]lit, /,'-_ lttoll,,l, d+'s<'ril>ed I,y

('hiula[l_]. predicted leading e,_l_,c l:rossling nunil>ers
ii_>ai• _)lie. The ef|Wcls of frt.pslrcalll llirt>lll+qicP eli lead-

illg edge hPal tralisfPr wPrP 1101 .".,Cell with the ,(--,,,'

liio(IPl. (+onsPquenlly. this model on average un(hwl)re-

dieted pressure side heat transfer. But for S()lilO cases

this ulodel overpretlicted thP heat transfpr. _lt'hel'e the

ino<lel overl>redict+,(I the heat transf++r it was causPd by

lransitiou o<'CUl'riiig closer Io the h+adin+ edg,. titan was

st,en ill llw data. Th-/,'-,_ UlOclel :.tgrevd I)t'tll'l' witli

,:lala at high i/cyiiohls liuiiibers.

'fll," lnodPls preseuled here c;til ,asily I>,' incorpo-
ral++(l iiii<, :t a lltree-cliineliSiolia] Navier-5;iokes ('ode.

These results show that it' h is niaiiitahi++d at a level

of approxiinat ely '1 × 10-';. l iiP presstlrc surface is likely

1¢_]>e lalllillar. Pressure sllrfacPs thai appearPd ]alllJnar

wPr+' seen for exit Heyilohls llUllibors al)llr(mchilig oiw

niitlion, t{otor Reynolds Illllilbers in lilts l'allgp are rPp-

i'oselltativt + of those ill tile high pressure ltlrl:,iile. Tilt,
t>ellefits of designing blades with pressurP surface, rPigln-

inarization are depeudPnt Oll i lw local lurbuhqico lewq.

M,qhods for predictiug the c.lcrects of both turbulPnce
l,'vel and scale Oll heat transfer are liecd_,d to be atde

to reliahly quautify the ticnPfits of relaluinarization.

The S'niith aud KuethP[19] niodel for accounting

for thP Pff<,cts of frPPstrealii lurl)lllOliCP is hellffUl to the

heat tratlsfor i>rediciions+ but it is incoml>h,t+,. For ex-

ainl>le, ii does uol accoulit for tlie Pft'ecls o|" turbulence

scale. Turl-_lllt'llCt' scale has I)PPI/ showll _',y VallFOSSPli

el a1.[28] aluong others to aft'oct stagnation region heat

tl'ailsfer, lnfortunately, the lenglh scale is IIOI always

availat>le along with the heat transfer data. Dullenkopf

and Mayle[2,q] proposed that the etfective Ltu'lmlPnce

intensity accotl[ll for the blockage, velocity gradient,

Reynolds nuniber, as well as thP lurbulence intensity.

l)ullenkopf alld Mayle[30] proposed a lnethod to include

the vffecI of turbulence scale. Heat transfer predictions

in the non-turbulent region wouh| be iniprovPd if a cor-
rPlation similar to thal of Smith and I{uet]iP. but in-

corporating thP factors lnentioned, was developed.

The analysis tendPd to ovPrpredict the suction sur-

face heat transfer in the laminar region, while at times

underpredicting the pressure surface laminar rPgion

heat transfer. It appears that bPll,er agrPPlnent with

data would be achievPd using the Sleelant and Dick[l 1]
model for the variation of Tu with freestream velocity.
But, the Steelant aiid Dick relaminarization model un-

derpredicted heat transfer more than the othPr relam-
iuarization modPls. This couhl I>e due to its illftUellCP

eli the prediction of transition start.
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